Introduction
Geobacter species are among the most effective microorganisms for the bioremediation of radioactive and toxic metals in contaminated subsurface environments, and for converting waste organic matter and renewable biomass to electricity [1] [2] [3] [4] [5] [6] . Insoluble oxides of metals such as Fe(III), Mn(IV), U(VI), and graphite electrodes are examples of extracellular electron acceptors that can be used by Geobacter species [7] [8] [9] [10] [11] . The ability to use extracellular terminal electron acceptors presents the bacterium with additional challenges compared to microorganisms without this capability. The first challenge is to assure electron delivery to cell exterior and the second is to achieve a net production of metabolic energy that supports cellular growth. To address these challenges, Geobacter species present particular respiratory chains, which allow the transmembrane transfer of electrons from oxidation of organic compounds in the cytoplasm to the outside of the cells. These chains rely on a particular topology that includes inner respiratory enzymes (such as NADH and succinate dehydrogenases), periplasmic and outer-membrane cytochromes [6] . Several c-type cytochromes have been shown to be essential for Fe(III) reduction in Geobacter sulfurreducens [10, [12] [13] [14] [15] [16] [17] . Nonetheless, the mechanisms underlying the electron transfer towards extracellular electron acceptors are still poorly understood [8, 18] . Among these electron transporters, the periplasmic triheme PpcA from G. sulfurreducens is the best studied protein to date, being crucial in bridging the electron transfer from cytoplasm to cell exterior when the bacteria grows in presence of U(VI) or Fe(III) oxides [8, 10, 11] . The triheme cytochrome PpcA is a member of the c 7 family, from which 25 members have been identified to date (for a review see [19] ). The three heme groups form the protein core and each heme is covalently linked to cysteine residues of the CXXCH binding motifs (where X corresponds to any amino acid). The sequence alignment of all cytochromes c 7 showed that, among 21 highly conserved residues, only nine are not cysteine or histidine residues directly involved in heme binding. Phe 15 is the only aromatic residue strictly conserved in the cytochrome c 7 family; it is located in a hydrophobic region between hemes I and III, with the aromatic ring almost parallel to the ring plane of heme I and perpendicular to heme III [19] . The spatial arrangement of the heme groups in c 7 cytochromes is superimposable with the structurally homologous tetraheme cytochromes c 3 , with the sole difference in the absence of heme II and corresponding polypeptide segment in the c 7 family. For this reason, the three heme groups in cytochromes c 7 are numbered I, III, and IV. The functional characterization of PpcA showed that the protein has the necessary thermodynamic properties to convert electronic energy into proton motive force, a fundamental step that might contribute to the proton electrochemical gradient across the bacterial cytoplasmic membrane [20] . The mechanism that allows PpcA to perform such concerted e − /H + transfer is driven by the protonation/deprotonation of a redox-Bohr center, which was assigned to the heme IV propionate 13 (P 13 IV , according to the IUPAC nomenclature) [21] . The protonation/deprotonation of this center leads to conformational changes in residues located in its vicinity, which were mapped on the solution structure of PpcA [21] . Given the significance of the residue Phe 15 , it was replaced by site-directed mutagenesis with a leucine in the triheme cytochrome PpcA (hereafter designated PpcAF15L) and the impact of the substitution on the redox properties of the protein was evaluated [19] . This study showed that replacing Phe 15 with leucine disrupted the balance of the global network of cooperativities, preventing the mutant protein from performing the concerted electron/proton transfer which is crucial to the function of PpcA.
In order to rationalize these observations in structural terms, we have produced 15 N-labeled PpcAF15L and determined its solution structure. In addition, the solution structure was used to monitor the pH-dependent conformational changes. The comparison of the solution structures of PpcAF15L and PpcA reveals the structural features associated with conserved residue Phe 15 and its role in the functional mechanism of PpcA.
Materials and methods

Site directed mutagenesis
For mutagenesis, QuikChange Site-Directed Mutagenesis Kit (Stratagene) was used in accordance with the manufacturer's instructions. Oligonucleotides were synthesized by MWG Biotech (High Point, NC). PpcA expression vector pCK32 [22] was used as a template. The presence of the F15L mutation was confirmed by DNA sequencing performed by MWG Biotech.
Bacterial growth and protein purification
Uniformly 15 N labeled and unlabeled PpcAF15L were expressed in Escherichia coli as previously described [19] . Briefly, PpcAF15L was expressed in plasmid pCK32 in E. coli BL21(DE3) by co-expression with plasmid pEC86 that encodes for the cytochrome c maturation gene cluster [23] . Cells were grown in 2xYT medium and, after reaching an OD 600 of~1.5, cultures were processed in either of two ways: (a) addition of 10 μM isopropyl β-D-thiogalactoside (IPTG) and growing overnight at 30°C to express unlabeled protein, followed by harvesting by centrifugation; (b) cells were collected by centrifugation, washed twice with 250 mL M9 medium, resuspended in minimal media (in a ratio of 250 mL of minimal medium for each liter of 2xYT medium) supplied with 1 g/L 15 NH 4 Cl as nitrogen source (together with 1 mM of the heme precursor α-aminolevulinic acid, trace amounts of metal ion salts, biotin and thiamine), grown overnight at 30°C in the presence of 0.8 mM IPTG and harvested by centrifugation. Isolation of the periplasmic fraction and purification of the protein was done as previously described [19, 24] .
NMR sample preparation
PpcAF15L was lyophilized twice and then resuspended in 45 mM sodium phosphate buffer (100 mM ionic strength) pH 7.1 (measured using a glass microelectrode without correction for isotope effects). 15 N labeled and unlabeled samples were prepared to a final concentration of approximately 1 mM in 92% H 2 O/8% 2 H 2 O or in pure 2 H 2 O. In order to avoid oxidation of the samples, the NMR tubes were sealed with a gas-tight serum cap and the air was flushed out from the sample. All the samples were then fully reduced with catalytic amounts of hydrogenase from Desulfovibrio vulgaris (Hildenborough) under a hydrogen atmosphere, as previously described [19] .
NMR spectroscopy
All NMR spectra were recorded at 298 K and pH 7.1 on a Bruker Avance 600 MHz spectrometer equipped with triple-resonance cryoprobe. For the 15 N labeled sample, 2D-1 H-15 N heteronuclear single quantum coherence (HSQC) experiments were acquired. For the unlabeled sample, the following set of NMR experiments were acquired: 2D-1 H correlation spectroscopy (COSY), 2D-1 H total correlation spectroscopy (TOCSY) with 60 ms mixing-time, and 2D-1 H nuclear Overhauser effect spectroscopy (NOESY) with 50 ms mixingtime. 2D-1 H TOCSY (45 ms mixing-time) and 2D-1 H NOESY (100 ms mixing-time) NMR spectra were also acquired for the unlabeled sample prepared in pure 2 H 2 O to assist in the assignment of the heme proton signals. Before and after all two dimensional experiments, 1D-1 H NMR spectra were recorded in order to verify the protein integrity and full reduction. 1 H and 15 N chemical shifts were calibrated using the water signal as internal reference and through indirect referencing, respectively [25] . TOPSPIN software (Bruker Biospin, Karlsruhe, Germany) was used to process all NMR spectra, which were then analyzed with Sparky (TD Goddard and DG Kneller, Sparky 3, University of California, San Francisco, USA).
A series of two dimensional 1 H-15 N HSQC spectra were acquired in the pH range 5.4 to 9.5 to monitor the effect of pH on the amide signals.
To adjust the pH of the samples, minimal amounts of either NaO 2 H or 2 HCl were added inside an anaerobic glove chamber at b 1 ppm oxygen (MBraun LABstar) to avoid sample oxidation. The weighted average chemical shift (Δδ avg ) of each backbone and side chain amide was calculated as: Δδ avg = √[(Δδ 2 N/25+Δδ 2 H)/ 2], where ΔδH and ΔδN are the differences in the 1 H and 15 N chemical shifts, respectively [26] .
Assignment and determination of restraints
PpcAF15L assignments, including backbone, side chain and heme resonances, were made as previously described for the wild-type protein [27] and data was deposited in the BioMagResBank (http://www. bmrb.wisc.edu) under BMRB accession number 18787.
For structure determination, the cross-peaks assigned in the 50 ms 2D-1 H-NOESY spectra were integrated using the program Sparky. As described for the wild-type protein, the integration of the isolated cross-peaks of the PpcAF15L mutant was performed with a Gaussian function and for the overlapped cross-peaks the integration was performed with sum data in a box surrounding it. Volumes of cross-peaks were converted into volume restraints and used as input for the program PARADYANA [28] . Initial structures were calculated with a preliminary set of NOE data and the resulting conformers were then analyzed and used to assign additional peaks in the NOESY spectra. The program GLOMSA [29] was used for stereospecific assignment during the process of structure calculation. Three non-standard residues were used for structure calculations: fast-flipping aromatic residues with pseudo-atoms to limit the orientations of the planes, flexible heme groups and proline residues with fixed upper limit distances for ring closure. A set of 69 fixed upper limit distances associated with these residues was also used as input for PARADYANA. In the final stages of structure refinement, the calculated structures were checked for short (less than 2.5 Å) distances between assigned protons that should give rise to significant NOEs.
Structure calculation and analysis
As for the wild-type protein, the solution structure of PpcAF15L was calculated with the program PARADYANA. In each calculation, 200 conformers were determined and the 10 structures with lowest target function value were selected for further visual analyses using the program CHIMERA (version 1.5.1) [30] . In the final calculation, 20 structures with lowest target function values were selected. The program MOLMOL [31] was used to superimpose, identify elements of secondary structure in the final set of conformers, and also to compare the structures obtained for mutant and wild-type proteins. The quality of the structures was analyzed with PROCHECK-NMR [32] . The coordinates were deposited in the Protein Data Bank under accession code 2LZZ.
Results
Sequential assignment, restraints and structure calculation of PpcAF15L
With the exception of the first two residues, the NMR signals of all the other backbone, side chains and heme substituents were assigned following the same methodology used for the wild-type protein [21] . To avoid overlap with polypeptide amide protons, the heme signals were assigned in the NMR spectra acquired for PpcAF15L samples prepared in 2 H 2 O, according to the strategy described by Turner and co-workers [33] . Following that, individual spin-systems were first identified in the NMR spectra acquired in H 2 O, according to their type, and then specific assignments were made. A summary of the sequential connectivities between NH, Hα and Hβ protons is shown in Supplementary Fig. S1 . The total extent of assignment for PpcAF15L is 88%, excluding carboxyl, amino and hydroxyl groups.
The assigned cross-peaks in the 2D-1 H NOESY spectrum were integrated and converted into volume restraints, resulting in 806 lovs (lower limits for volumes) and 1016 upvs (upper limits for volumes) ( Table 1 ). These were used as input for the program PARADYANA [28] together with a set of 69 fixed upper limit distances. The preliminary structures were analyzed using the program GLOMSA [29] , modified to take NOE volumes as input, and 34 stereo-specific assignments were made for diastereotopic pairs of protons or methyl groups. The effect of spin diffusion introduces an uncertainty into the conversion of experimental data into distance restraints. This effect was simulated by complete relaxation matrix calculations based on the initial protein structures and, accordingly, a parameter was set in the program PARADYANA to loosen all distance restraints by 5%. An average of 25 NOE restraints per residue (11 lovs and 14 upvs) and 122 per heme residue (54 lovs and 68 upvs) were used for the final calculation ( Fig. 1) . The distribution of the number of restraints is not uniform along the protein sequence, as heme groups attached to positions 30, 54 and 68 show many long-distance contacts, a feature in common with the wild-type protein [21] .
Quality analysis of the structures
The final family consists of 20 structures ( Fig. 2A ) with the lowest target function values (from 2.36 to 2.65 Å 2 with an average value 2.56 Å 2 , 12% range from the lowest value). The structures superimpose with an average pairwise backbone (N-Cα-C′) rmsd of 0.36 Å and a heavy atom rmsd of 1.14 Å ( Supplementary Fig. S2 ). Thus, the backbone is well defined and the amino acid side chains show larger conformational variability in regions with higher solvent exposure. In particular, the N-and the C-termini are disordered. The statistics for this family of structures are shown in Table 1 . The Ramachandran plot shows 62.6% of the residues are in the most favored regions, 37.4% in the allowed regions. A total of 46 hydrogen bonds were identified in the family of 20 structures with the program MOLMOL [31] , 23 of which were present in at least 50% of the structures.
pH titration
The pH titration of PpcAF15L was monitored by 1 H-15 N HSQC NMR in the pH range 5.4-9.5 and all 1 H and 15 N chemical shifts of the polypeptide backbone (except for residues 1 and 2) and side chains were measured. To estimate the effects of pH change on the PpcAF15L solution structure, the average chemical shift differences of each amide signal (Δδ avg ) were calculated as described by Garret and co-workers [26] . The residues whose NH signals showed larger differences were from Lys 7 , Ala 8 , Asn 10 , Ile 38 backbone, and also from Asn 10 and Gln 21 side chains (Fig. 3A) . The pH titrations of these signals are shown in Fig. 3B . The NH signals of Lys 7 , Ala 8 , Asn 10 and Gln 21 have basic pK a values of 7.6, 7.7, 7.6 and 8.2 respectively, whereas Ile 38 has a much more acidic pK a (5.2). 
Discussion
The comparable dispersion of the amide signals in the 1 H-15 N HSQC NMR spectra obtained for PpcAF15L and wild-type proteins indicates that the overall native fold is maintained in the mutant (Fig. 4 ). However, several signals are significantly affected, namely the backbone NH signals of Ile 4 , Val 5 and the segment formed by residues His 17 -Val 24 (see inset in Fig. 4 ). The amide signal of His 17 is shifted the most, followed by that of His 20 . The backbone NH signals of residues Asp 26 -Lys 28 , Gly 36 -Lys 37 , Ala 46 and Gly 53 are affected to smaller extent. The polypeptide sequence of both proteins contains one asparagine (Asn 10 ), one glutamine (Gln 21 ) and six axial histidines (His 17(I) , His 20(III) , His 31(I) , His 47(IV) , His 55(III) and His 69(IV) ), which have an additional amide or amine group in their side chains. Inspection of these signals in the 1 H-15 N HSQC NMR spectra showed that the amide signals of Gln 21 and heme III axial histidine (His 20(III) ) are the most affected, followed by those of His 47(IV) and His 55(III) . Comparison of the heme proton chemical shifts was previously reported and showed that the largest difference was for the thioether proton 3 2 CH 3 III , due to the additional ring-current effects from Phe 15 aromatic ring in the native protein, which is not present in PpcAF15L [19] .
The number of residues per heme group in PpcAF15L is approximately 23 and, consequently, several nuclei are located in close proximity of the hemes. Since the heme groups are diamagnetic in the reduced state, the observed chemical shifts of those signals might have large contribution from the heme(s) ring-current effects. Consequently, some signals might show significant changes in their chemical shifts even in presence of marginal structural rearrangements. Therefore, to properly rationalize the changes observed in the redox properties and concomitant functional mechanism of PpcAF15L, it is essential to determine the solution structure of this mutant.
Comparison of PpcAF15L and PpcA solution structures
The comparison between the lowest-energy NMR structures of PpcAF15L and PpcA showed a rmsd of 1.08 Å for backbone atoms (Fig. 5 ). The global fold of the wild-type is maintained in the mutant protein, though local rearrangements of polypeptide chain were observed (Fig. 4) . The solution structure of PpcAF15L folds in a two-strand antiparallel β-sheet at the N-terminus formed by Ile 4 -Leu 6 and Val 13 -Leu 15 , followed by three α-helices between residues His 17 -Ala 23 , Lys 43 -His 47 and Lys 52 -Met 58 and a 3 10 -helix segment formed between residues Cys 65 -Glu 67 (Fig. 2B ). In PpcA residues Ile 4 and Val 5 are located opposite to Phe 15 in the two-stranded antiparallel β-sheet [21] . These residues are clearly perturbed in the mutant. Another region showing important structural rearrangements is the first α-helix, located between hemes I and III. This helix is formed by residues His 17 -Ala 23 in the mutant, whereas in the wild-type it comprises residues Ala 19 -Lys 22 . Finally, a 3 10 -helical segment is formed between residues Cys 65 -Glu 67 only in the mutant.
The parameters describing the heme geometry of PpcAF15L in solution are presented in Table 2 . The geometry of the heme core is essentially conserved in comparison with the wild-type ( Table 2 ). The iron-iron distances differ by less than 0.03%. Hemes I and IV are nearly parallel to each other, though slightly more so in the mutant and nearly perpendicular to heme III. However, the heme axial ligand geometry is different for all the three hemes (see Table 2 and Fig. 6 ), highlighting the important structural role played by the conserved residue Phe 15 in determining the geometry of the axial heme ligands in the wild-type protein.
Heme reduction potentials and redox interactions
The characterization of the redox properties of PpcAF15L and PpcA was previously reported in detail and is summarized in Table 3 [19] . The solution structure determined in the present work allows the structural basis for the differences observed in the redox properties of PpcAF15L and PpcA to be addressed. The heme reduction potentials in the mutant are also modulated by heme-heme redox interactions, as for the wild-type. The positive values obtained for the redox interactions suggest that they are dominated by electrostatic effects ( Table 3 ). The highest and the lowest redox interaction (36 and 14 mV, respectively) are observed between the closest (III-IV) and farthest (I-IV) pairs of heme groups. The similarity of the redox interaction values in the two proteins correlates with the conserved heme iron-iron distances ( Table 2 ) and with the similar distribution of charged residues in the proteins.
The reduction potentials in the mutant are also negative, as expected for relatively exposed c-type hemes with bis-histidine axial coordination. In the lowest energy structure, the heme exposures are 253.2 Å 2 (231.7 Å 2 for PpcA), 168.1 Å 2 (215.8 Å 2 ) and 207.8 Å 2 (171.3 Å 2 ) for hemes I, III and IV respectively. The slightly higher solvent exposure of hemes I and IV in the mutant correlates with their more negative reduction potential values when compared with the wild-type. The potential of heme IV is the least negative in both mutant and wild-type, and can also be rationalized by its location in a substantially positive environment due to the presence of several neighboring lysine residues that stabilize its reduced state. Additionally, the angles between the axial histidine ring planes vary by approximately 30°( Table 2 and Fig. 6 ), which are also expected to contribute to the modulation of heme reduction potentials. Detailed structural and electrochemical studies performed in cytochrome b 5 by Sarma and co-workers [34, 35] showed that the orientation of axial ligand ring planes slightly modulates the reduction potentials of bis-(imidazole) axially ligated heme proteins.
The reduction potential of heme III is the most affected in the mutant ( Table 3 ). The change in the reduction potential of heme III cannot be rationalized by the heme solvent exposure or by the small changes observed in the geometry of the axial ligands alone. A significant factor could be the structural rearrangements in the first α-helix. This helix is longer in the mutant (His 17 -Ala 23 versus Ala 19 -Lys 22 ) compared to the wild-type. It covers one side of heme III and contains two positively charged residues, Lys 18 and Lys 22 . Their proximity to heme III is likely to affect its reduction potential by reorientation towards the solvent. However, the ends of both the lysine side chains are disordered in both proteins, preventing a detailed analysis of their electrostatic effects. Considerable variations in the chemical shifts of the signals of His 17(I) , His 20(III) and Gln 21 are also observed (Fig. 4) . In PpcA, the side chains of His 17(I) and His 20(III) , together with the aromatic ring of residue Phe 15 , are part of the protein hydrophobic core in the proximity of heme III (Fig. 7A) . The superposition of the mutant and wild-type solution structures shows that the side chains of Leu 15 and Phe 15 occupy equivalent positions (Fig. 7B) . Thus, the replacement of the aromatic ring by the aliphatic side chain removes the aromatic-aromatic interaction between Phe 15 and heme III and thereby influences the heme redox properties. Furthermore, the aromatic ring of Phe 41 at the bottom of the cleft below heme III (Fig. 7C) is rotated by approximately 30°, which could give rise to different ring stacking effects contributing to the change in heme III redox properties. Overall, these important structural rearrangements in the hydrophobic region in the vicinity of heme III alter the nature of the heme-aromatic interactions affecting the reduction potential of heme III.
Cytochromes c 3 isolated from Desulfovibrio spp. are also periplasmic proteins which play a central role in energy transduction by coupling the transfer of electrons and protons from hydrogenase. By receiving both electrons and protons that result from the conversion of H 2 , the redox-Bohr effect in cytochromes c 3 allows part of the free energy of the conversion to be used to release protons in the more acidic environment of the periplasm [36, 37] . The structural motif formed by F15 and hemes I and III is also conserved in the tetraheme cytochrome c 3 family, in which F20 occupies an equivalent position. There are biochemical studies reported for F20 mutants of D. vulgaris tetraheme cytochromes c 3 isolated from the strains Hildenborough (DvHc 3 ) and Miyazaki (DvMc 3 ) [38] [39] [40] . In the case of DvHc 3 , in which F20 was also replaced by leucine, it was shown that the macroscopic redox potentials were globally affected [38] . Moreover, it was proposed by the authors that the intramolecular electron exchange between heme III and heme I was drastically affected by the F20L replacement [38] . In the highly homologous tetraheme cytochrome DvMc 3 , the roles of aromatic residues in Table 2 Heme geometry for PpcAF15L (this work) and PpcA [20] cytochromes in solution. The values for both proteins were obtained for the lowest-energy structure.
PpcA PpcAF15L
Heme Fe-Fe distance (Å) I-III 11.7 11.4 I-IV 19.0 18.9 III-IV 12.6 12.7 I-III  82  78  I-IV  27  12  III-IV  74  71 Angle between His planes (°) I 5 0 8 0 III 23 50 IV 80 52 redox regulation of hemes were also investigated by site-directed mutagenesis of every aromatic residue except for the axial ligands [40] . This study showed that the mutations of F20 had large chemical shift changes in the NMR signals for hemes I and III, and large changes in the reduction potentials of hemes I and III. Unfortunately, there has been no description of detailed microscopic thermodynamic properties for these two cytochromes and, consequently, the effect of replacing the conserved F20 residue and its effects on heme III potential in cytochromes c 3 cannot be evaluated further. Nonetheless, the macroscopic data obtained for DvHc 3 and DvMc 3 , together with the detailed structural and functional properties obtained for PpcA and PpcAF15L, provide a rationale for the conserved structural motif formed by F15 (F20 in the tetraheme cytochrome c 3 family) and hemes I and III.
Angle between heme planes (°)
Structural mapping of the redox-Bohr center
The heme reduction potentials are modulated by the solution pH as well as by redox interactions (Table 3 ). This modulation, known as the redox-Bohr effect, is crucial for the function of PpcA, which can couple electron and proton transfer at physiological pH [19] . The detailed thermodynamic characterization of PpcA showed that such coupling involved the microstates P 1H (protonated microstate with heme I oxidized) and P 14 (deprotonated microstate with hemes I and IV oxidized) [20] . Thus, part of the energy associated with electrons received from the donor by microstate P 1H is used by the protein to lower the pK a value of the redox-Bohr center so that protons can be released in the periplasm at physiological pH. This mechanism implies conformational changes in the neighborhood of the redox-Bohr center, which was assigned to heme IV propionate 13 (P 13 IV ) in the wild-type protein [21] . The proposed mechanism involved disruption of a hydrogen bond between the O7 of P 13 IV and the carbonyl oxygen of Lys 7 , located at the β-turn, causing the observed pH-linked conformational changes of residues Lys 7 , Ala 8 and Asn 10 [21] . The properties of the PpcAF15L redox-Bohr center are different (Table 3 ). However, as in the wild-type, the redox-Bohr interaction for heme IV is considerably higher than for the others, suggesting that the redox-Bohr center is also located in the vicinity of heme IV. The analysis of the chemical shift variation of the NH signals in the pH range 5.4-9.5 showed that the same set of signals (backbone NH of Lys 7 , Ala 8 , Asn 10 , Ile 38 and the side chains of Asn 10 and Gln 21 ) is the most affected in both proteins, but to different extents (cf. open and closed symbols in Fig. 3A and solid and dashed lines in Fig. 3B ).
The residues Lys 7 , Ala 8 and Asn 10 are part of the β-turn connecting the two-strand β-sheet near heme IV; Gln 21 is located in the first α-helix between I and III, whereas Ile 38 is a fully conserved residue within the family of G. sulfurreducens triheme cytochromes c 7 and forms a conserved hydrogen bond between the backbone amide proton and the carboxyl oxygen of P 13 I [41] . The pK a of the backbone NH of residue Ile 38 is more acidic (pK a 5.2 versus an average value of 7.8 for the other NH groups) and the decrease of the proton chemical shift at low pH correlates with the disruption of a hydrogen bond between the amide proton and the carboxyl oxygen of P 13 I upon protonation of the latter. Similar behavior was observed in the wild type, but the smaller Δδ avg value (0.56 versus 0.71 ppm in the wild-type) and the lower pK a (5.2 versus 5.5 in the wild-type) are indicative of structural rearrangements of the mutant protein in this region. The chemical shifts of Gln 21 side chain amide protons (εNH 2 ) are strongly shifted upfield (2.04 and 5.08 ppm) compared to their average position at 7.1 ppm, obtained from approximately 10 4 chemical shifts as reported in the Biological Magnetic Resonance Data Bank (http://www.bmrb.wisc.edu/ref_info/statsel.htm#4). This feature was already noted for the wild type in which the εNH 2 protons of Gln 21 were observed at 1.11 and 4.56 ppm [27] . These protons are located in close proximity to His 17(I) ring ( Fig. 8 ) and, thus, are subject to Table 3 Heme reduction potentials and pairwise interactions (mV) of the fully reduced and protonated forms of PpcAF15L [21] and PpcA [19] . The standard errors are given in parentheses.
Heme redox potentials
Redox interactions Redox-Bohr interactions   I  III  IV  I-III  I-IV  III-IV  I-H  III- additional local magnetic fields originating from heme I ring-currents; the nearly axial position in relation to heme I explains their upfield shift. The residue Gln 21 is located far from the redox-Bohr center (see below) and the pH dependence of the εNH 2 protons is probably due to protonation of groups in vicinity of the glutamine residue, with the side chain of Lys 18 as a likely candidate as its NH signal also shows a considerable chemical shift variation.
On the other hand, the pK a values obtained for the NH signals of Lys 7 , Ala 8 and Asn 10 correlate with the pK a of the redox-Bohr centers (8.5 versus 8.6 in the wild-type) previously determined for the fully reduced and protonated protein [19] . Thus, as in the wild-type, the pH dependence is likely to be caused by the protonation/ deprotonation of the redox-Bohr group, which can also be assigned to P 13 IV in the mutant. This propionate group is considerably less exposed to solvent than P 17 IV in both proteins (the accessible surface area of the P 13 IV and P 17 IV propionate oxygens for PpcA are 16.3 Å 2 and 44.1 Å 2 , respectively and those for F15L mutant are 12.9 Å 2 and 40.7 Å 2 ). Therefore, it is not surprising that the pK a of the chemical shifts of NH groups of residues Lys 7 , Ala 8 , Asn 10 , located in the vicinity of P 13 IV , showed similar behavior upon protonation/deprotonation of the redox-Bohr center. However, these signals showed different Δδ avg values, which can be explained by the conformational rearrangements observed in vicinity of heme IV (Fig. 9 ). These rearrangements include the slight reorientation of heme IV in relation to heme I (Table 2 ) and also the positioning of the β-turn between the antiparallel two-strand β-sheet that contains residues Lys 7 , Ala 8 and Asn 10 . Altogether, the local rearrangements observed in the neighborhood of the redox-Bohr center are likely the cause of the different redox-Bohr interactions in the two proteins.
Conclusions
The structure of PpcAF15L mutant determined in the present work sheds light on the role of the strictly conserved amino acid Phe 15 in fine-tuning the heme reduction potentials and the network of redox and redox-Bohr cooperativities that are crucial for the functional mechanism of PpcA. Though the overall folding of the protein was not affected, important local structural rearrangements caused by the replacement of Phe 15 by a leucine residue were observed. These structural rearrangements had an effect in lowering the reduction potentials of the hemes and altered the properties of the redox-Bohr center. The analysis of the chemical shift variation of the backbone and side chain amide signals with pH allowed mapping of the pH-linked conformational changes caused by protonation/deprotonation of the redox-Bohr center, which was assigned to heme propionate P 13 IV . These changes unbalance the redox networks observed in the wild-type protein and alter the distribution of the protein microstates during its redox cycle. As a consequence, while a concerted e − /H + transfer gives the wild-type protein the necessary thermodynamic properties to convert electronic energy into proton motive force, a fundamental step that might contribute to the proton electrochemical gradient across the bacterial cytoplasmic membrane, in the mutant this feature is no longer observed, highlighting the important role played by the residue Phe 15 in the functional mechanism of PpcA. 
